Non-destructive testing methods are increasingly in use. With these methods it is possible to obtain the desired information about the system, without altering or damaging it in any way. This paper examines the possibilities of applying these methods in the quantification of losses incurred by leaking of compressed air from the system in the terms of increasing energy efficiency of the system. The emphasis is on the application of ultrasound detector and infrared thermographic camera. The potentials and limitations of these technologies are analyzed for leakage quantification on a steel pipe in compressed air systems, as well as the reliability and accuracy of the results thus obtained.
Introduction
Numbers of industries use compressed air. Compressed air is very expensive energy resource. From the total costs of compressed air production 75% are spent on energy. In the EU, compressed air production contributes 10% of the total electric energy consumption in industry [1] , and in some industrial branches, such as the glass industry, even 30%. Compressed air losses are present in nearly all applications and constitute 25% to 30% of the total compressed air requirements. However, there are particular systems in which this percent amounts from 30% up to even 60% [2] . On the other hand, when the manufacturing costs are calculated, it is necessary to include the costs for compressed air consumption. In that calculation, costs for compressed air consumption should be added to the machining cost, and then to the total cost bucket [3] .
Leaks are the most visible and most significant contributors to compressed air losses. Leakage rate varies between 20% and 40% of the total air usage [4] .
In general, most losses in the compressed air systems pressure can be classified into three main groups: losses arising from leakage of air from the system, artificial demand, and inadequate use.
--------------
Leakage is one of the largest sources of energy losses in pneumatic systems, and is the simplest and cheapest to manage for the purpose of minimizing and improving energy efficiency of compressed air. In order to reduce leakage and improve energy efficiency of the system, it is necessary to detect leaks and eliminate the causes of leaks. Active leak detection and adequate repair can reduce leaks to less than 10% of the total compressed air production.
Before implementing any improvements in a compressed air system, one should carry out measurements of losses occurring in the system due to leakage of compressed air. Quantification of losses enables a realistic insight into the amount and costs of losses, and also allows comparison of the situation before and after corrective actions and repair of the system.
Detection and quantification of compressed air leaks
Detection, quantification, and repair of leaks contributes to: reduction of operating time of equipment, which prolongs its operating life; avoidance of unnecessary compressor capacity; avoidance of pressure fluctuations which deteriorate tool operation quality and diminish efficiency of equipment, potentially leading to production breakdowns; avoidance of extra maintenance time, i. e. reduction of maintenance costs, reduction of tied assets, i.e. spare parts, better utilization of maintenance personnel, reduction of noise level in workplace.
The problem of compressed air and fluid leaks has been in the focus of scientific literature for years. Numerous authors have dealt with the leakage of technical gases (propylene, ethylene, etc.), natural gas, oil, water, and other fluids [5] . Due to similar physical and exploitation properties of gases, the problem of compressed air leak detection can be dealt with equivalent to other technical gases. According to [6] [7] [8] , all methods for leak detection for gases and liquids can be classified as hardware, biological or software methods.
Hardware methods are based on implementation of various devices for the detection of leaks and their locations. Based on the operating principle, these devices can be classified into four groups: visual devices (thermographic cameras, temperature sensors, GPR ground penetrating radar, etc.), acoustic devices (ultrasound detectors, acoustic sensors), gas detection devices, and pressure and flow gauges.
Biological methods for leak detection are empirical methods based on the sensory perception (hearing, smell, sight, etc.) either of the personnel or the animals that are specially trained to detect and locate leaks.
Software methods are based on using various software packages for the detection of leaks. The detection is performed by software analysis of flow, pressure, temperature, or some other system parameter, and their comparison with the set of predefined values.
Comparison and analysis of these methods and their potential application for leak detection is given in [9] . Several methods are most popular in the practical detection of compressed air leaks: -detection of leaks based on sensory perception, -detection of leaks by bubble test [10] , -ultrasound leak detection, and -infrared leak detection.
In many cases, leaks can be detected quite easily. Heavy leaks are easy to hear, but the small ones are not. In some cases, a single method is sufficient to detect leaks, while in other cases a combination of methods have to be used in order to detect their location. Once the magnitude of losses is established, the total value of compressed air losses could be calculated based on the price of compressed air production per 1 m 3 . There are various methods of compressed air leak quantification [11] . They are based, mostly, on the measurement of compressor operation time, although flow gauges, ultrasound detectors, and IR thermography are also gaining popularity [12] . Some compressed air systems feature permanent flow gauges. Flow gauges allow the monitoring of the production of compressed air, its consumption in particular components, as well as the leaks in the system. Leaks can be quantified using the following methods: -a flow gauge is positioned before the pneumatic device, and the flow is measured when the device is inactive, and -one flow gauge is positioned at the inlet of the tested pipeline, while another is positioned at the outlet, so that the difference between the inlet and outlet flows represents a leak. A good ultrasound detector is vital for detection of leaks. However, it cannot provide an exact account of compressed air leakage, i. e. money savings. On the other hand, combination of the ultrasound detector and thermographic camera can approximate the losses [11] .
Non-destructive methods for leakage detection and quantification background

Ultrasound technology
Ultrasound is the sound with the frequency above the upper limit of human hearing. The audible frequency range in humans goes from 10 Hz to approximately 20 kHz. Ultrasound technology utilizes sound waves that are beyond human perception, and ranges between 20 kHz and 100 kHz.
Ultrasound technology has wide application. Ultrasound testing methods belong to the group of non-destructive testing methods (NDT). Currently, the ultrasound testing method is most popular in medicine. Non-invasive ultrasound diagnostics is mostly used for examination of internal organs [13] . Exposure of cells to ultrasound does not have harmful effects, although the ultrasound waves penetrate relatively deeply into the human body.
Besides medicine, ultrasound has also been widely used in industrial applications. It has been increasingly used in the processing, chemical, petrochemical, food, metal industry, as well as in civil engineering and architecture. It is most often used for measurement of physical quantities, such as fluid flow, fluid level, material thickness, length, surface area, volume, speed, etc. In addition, it is frequently used for ultrasound cleaning, welding, process automation (ultrasound sensors) [14] , analysis of material structure [15] , detection of defective machine components and subassemblies, inspection of electrical installations and equipment, detection of foreign bodies in food [16] , detection of fluid leaks [17] , etc.
Wide spectrum of sounds is generated by cavitation or turbulence of air molecules under the pressure, which flow out into the atmosphere through orifices, cracks, and seams. According to [18] , ultrasound leak detection can be classified as active, passive, and vibroacoustic.
Active ultrasound leak detection uses one or more transmitters or receivers in non--contact or contact applications. With this method, the sound generated by the transmitter penetrates the tested structure, and after reflection off the obstacle returns to the same, or some other transmitter.
Passive ultrasound leak detection is used with compressed air leaks in reservoirs under pressure or vacuum reservoirs. In this case, the ultrasound signal is not generated by the transmitter, but is caused by the reservoir leak. Turbulence of air molecules under the pres-sure, which flow out into the atmosphere through orifices, cracks, and seams, produces sound (also familiar as the white noise) which contains a wide spectrum of sounds, ranging from audible to inaudible frequencies. As humans are unable to sense the energy of this frequency, ultrasound equipment must be used to process the sound emission into audible sound (ultrasound converter). Ultrasound sensor (detector) is used to receive sound pressure waves of ultrasound frequency. Due to filtering, ultrasound detectors are not affected by audible background noise.
Passive ultrasound detection cannot be used reliably for quantification of compressed air leaks, but only for detection, as reported by [19] . The application of passive ultrasound on leak detection on a steel pipe in compressed air systems shall be the focus of this paper.
Infrared thermography
Infrared (IR) technology uses IR thermovision cameras to display and measure thermal energy radiated by an object. Those cameras allow a very accurate non-contact temperature measurement. In almost all compressed air systems, the occurrence of malfunction or air leak is accompanied by temperature change.
The thermal, or IR energy, represents light emission, which is invisible to the human eye, due to high wavelength. It is the part of electromagnetic radiation, which is popularly known as heat or heat radiation. As opposed to the visible light, in the IR spectrum every object with temperature above absolute zero emits heat. Even very cold objects, such as ice cubes, emit heat in the IR spectrum. Object temperature and the quantity of its IR emission are in direct proportion.
According to the method of measurement, thermography can be passive and active. Passive thermography observes objects in a stationary state. The differences between IR emissions from the object surface are either caused by the difference in temperature or surface properties. Active thermography is based on observing the dynamic behavior of an object that is exposed to thermal excitation. Thermal excitation can be achieved in various ways. Thus, there are the impulse, periodic, lock-in, vibration, and other types of excitations. All these approaches have a common goal to transmit a packet of energy towards an object under examination, and observe its response to thermal excitation -the development in time of surface temperature distribution. Subsequent analysis can reveal the material structure beneath the surface, possible inclusions, cracks, or processes that occur beneath the surface [20] . The principles of IR thermography are well presented in [21] .
IR thermography constantly finds new modes of employment. It is easily used in all processes, which release thermal energy with measurable difference in temperatures. IR thermography is also used in civil engineering and architecture [22, 23] , electric power industry [24] , automotive industry [25] , medicine [26] , manufacturing industry [27] , environment protection, and protection of historic heritage [21, 28, 29] , while it is also increasingly used for fluid leak detection [30, 31] . IR thermography is also used in agriculture [21] and different industrial processes [32] .
Thermography has been successfully applied in pneumatic systems examination. IR camera can record temperature changes in the installation and determine the locations of failures or leaks. With the scheduled actions, such as eliminating failures and locations where leak occurs, it is possible to accomplish significant savings in the consumption of compressed air, or raise the energy efficiency of the entire pneumatic system [33] .
Unlike electric motors, where the defect is seen as an increase in IR temperature image ( fig. 1) , the situation at the pneumatic system is in most cases opposite. The location of leakage is detected as a field with a lower temperature than the environment. The higher the temperature, the higher the leakage/loss of compressed air ( figs. 2, 3, and 4) .
By analyzing the temperature profile, the relation between the temperature drop at the specific component or component part and the size of the leakage can be determined. The number of scientific papers that deal with the problem of thermographic detection and quantification of compressed air leaks is scanty. Kroll et al. [34] report on a novel method for automatic detection of compressed air leaks using software tools for thermogram analysis and pattern recognition. The autonomous analysis of thermogram allows application of autonomous robots, which contribute to easier and safer remote detection of leaks. Lewis et al. [19] give a concise presentation of available methods for gas leak detection in landfills, with emphasis on IR thermography. They also point out the potentials and limitations of this technology, such as the weather conditions, local conditions, and remoteness of source from the IC detector. Finally, they conclude that this method can be used exclusively for screening, and not for precise gas leak detection or mathematical modelling of gas emission in landfills.
Experimental investigations
In order to establish prerequisites for compressed air leak quantification using ultrasound and IR technology, the intensity of sound generated by air leak from steel pipe was measured, as well as the change of air temperature at the very orifice through which the air was released. These parameters were measured in laboratory conditions on a punctured 8 mm steel pipe. Punctured orifices had the following diameters: 0.5, 0.7, 1.0, 1.3, 1.5, and 2.0 mm.
In order to establish the real quantity of air that escapes through the orifices, parallel to the noise level, and temperature change, compressed air flow was measured at each of the orifices. All parameters (noise level, air temperature, and air flow) were measured at each orifice, at pressures of: 4, 5, 6, 7, and 8 bar. After the measurement, the obtained levels of noise and temperature change were compared to air flow in order to establish a correlation.
The following section presents in detail the measurement procedure, related limitations, measurement instruments, and the results of measurement.
Flow measurement
In this experiment, the flow was measured by FESTO AirBox portable laboratory [35] . AirBox allows measurement of pressure, temperature, and flow. Flow can be measured statically or dynamically. Static flow measurement is used for quantification of leak losses, while the dynamic flow measurement measures compressed air consumption. Measured parameters are presentable as diagrams, or numerical values in an Excel table.
For air flow measurement in this experiment AirBox was used in the static mode, at various pressures which were kept constant during measurement. The results obtained by AirBox indicate that compressed air flow at the point of leakage gets higher with the increase of orifice diameter and system pressure. For the purpose of experiment, flow was kept within the low range (10-200 l/min.).
The results obtained by measurement of flow at air exit locations on the steel pipe are given in fig. 5 . Analysis of results reveals either that the flow of compressed air increases with the increase of orifice diameter, or with the increase of system pressure, which is in agreement with the expected flow increase. Similar to the flexible hose [33] , the results obtained with the steel pipe indicate an increase on the flow of compressed air with the increasing of pressure and the size of the orifice. The orifices on the steel pipes are in the perfect shape and without sharp edges so the amount of compressed air that leaks through them is much higher. 
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Measurement of noise level
Intensity of sound exiting the steel pipe was measured by an ultrasound detector, Ultraprobe 100 [35, 36] , which accurately detects leaks and mechanical damage.
Noise level was measured at the loudest point of leak. Due to variable orifices shapes, rather than being perpendicular to an orifice, the loudest point is most frequently at an angle of 30° [11] . When the pressure increases, air flow increases, too, as well as the sound measured by the ultrasonic detector [33] . The punctured orifices on the steel pipe are in perfect geometry shape, without the possibilities for deformation, bending and changing shape, and their walls are smooth. Unlike the measurement of leakage on flexible pneumatic hoses, where a clear dependence between orifice dimensions and sound intensity can be established, on such orifices, we obtained the intensity noise of 75 dB, for all sizes of orifices and at all pressure levels. Therefore, it can be concluded that with the available ultrasonic detector it is not possible to determine the difference between different orifice sizes at any pressure, but just the leak location. Therefore, in order to quantify the leakage it is necessary to apply some other method such as thermovision.
Temperature measurement
The measurement of temperature difference at the location of compressed air leak was performed by IR-thermographic imager, Fluke Ti20 [38] . Ti20 is a modern non-contact IR thermographic imager which uses IR technology for surface temperature measurement, with spectral range 7.5 μm to14 μm, thermal sensitivity 200 mK, accuracy ±2 °C or 2% (whichever is greater) and repeatability ±1% or ±1 °C (±2 °F) whichever is greater. The field of view is rectangular and covers 20° horizontally and 15° vertically [38] . It allows fast temperature readings on an LCD display without a physical contact with the object of interest. The data can be presented in several forms: thermal image, thermal profile, temperature table, and histogram. Due to the inability to directly measure the temperature of compressed air, the focus was placed on the measurement of temperature difference (ΔT) emitted by an object, in this case, the flexible hose (Tmaterial), and the temperature at the very orifice through which the compressed air is released (Torifice). Measurements were performed at orifices of various diameters, at various pressures, and constant room temperature. Based on the mean value of temperatures measured in particular zones ( fig. 6 ), the temperature difference was calculated using: fig.  7 . There is a sudden change of temperature at the orifice location. Analysis of all images leads to the conclusion that the increase of pressure in the system causes the drop in the temperature of compressed air exiting through the orifice, which, in turn, increases ΔT. Analysis of measurement results shows that the temperature change at orifice locations is the function of the orifice size. As the size of orifice increases, regardless of pressure, there is a visible drop in temperature at air exit points.
The temperature change of compressed air on the steel pipe with diameter 8 mm increases with increasing pressure and the size of orifice. If we compare that with the flexible hose [33] , these changes are more significant, indicating the greater emissivity of a steel pipe. 
Discussion
In this investigation, we started from the known values of leak diameters and appropriate leak flow. But, in reality, maintenance personnel face the problem of unknown leak area and, adequately, unknown leak flow that they should, in some way, quantify. Based on these experiments, leak flow at the steel pipes can be found as the function of measured temperature change. Figure 8 shows the diagram where, for the measured ΔT, the orifice of the leak can be found. It can be noticed that this dependence is relatively low for small leak diameters, especially in the area of up to 1.0 mm. When leak diameters are from 1.0 to 1.5 mm, the correlation is stronger. IR technology can clearly identify this change of leak flow due to the increase in leak diameter, which can be seen in fig. 9 . Using the diagram from fig. 9 , it is possible to detect leak flow directly from the measured temperature change (ΔT). From the presented results, it can be concluded that ultrasound should be used for leakage detection for all the dimensions of orifices, yet only thermovision can be used for the quantification purposes. IR camera should be used for leakage quantification for the steel pipes and it will give a reliable estimation of leakage.
Conclusions
The presented methods for detection of compressed air leakage are of great significance for modern industrial subjects. The situations where leaks are so small that it is almost impossible to determine their exact position are very often. This paper shows the possibility for quantifying losses due to leakage using IR thermography, while some results concerning leakage quantifications have already been published for the ultrasound methods [33] . Although we used relatively imprecise measurement equipment in our experiments, we obtained a clear view of areas in which each of those methods is appropriate for quantification of leakages on steel pipes. Besides, availability of ultrasound and IR equipment in bigger factories is increasing, so the efficiency of leakage quantification can be significantly improved with the procedures defined in this paper.
Based on the conducted research it can be concluded that, in case of leakage of compressed air on the steel pipes, both of the mentioned methods can be used for the leak detection. However, for the leakage quantification, the application of ultrasonic method was not possible, because the measured noise levels for all examined orifice diameters and pres-sure levels were the same (75 dB). It was not possible to determine the difference in the volume of the compressed air which flowed out. IR thermal imager obtained much more reliable results.
The thermal contrast (the change in temperature ΔT) between the compressed air that flowed out from the steel pipe and the steel pipe increases with increasing pressure and the orifice diameter. Applying IR thermography for the leakage quantification purposes requires a thermal contrast at leak locations. Those contrasts are relatively low for small leaks, so IR technology is not that precise for orifices smaller than 1.0 mm. However, the reliability and accuracy of the results are hampered by sources with weak radiation, and conditions of extreme lighting.
The approach for leakage quantification developed in this paper can also be applied for leakage of other fluids in steel pipes, e. g. LPG in pipelines and technical gases (oxygen, nitrogen, etc.) in some factories. For that purposes, in order to get valid results, it is necessary to make measurements with appropriate measuring equipment, based on the procedures defined in this paper.
